1. Introduction {#sec1}
===============

Climate warming in the Arctic is impacting various biological processes, influencing the health of wildlife ([@bib5], [@bib1], [@bib40], [@bib45], [@bib8]), and altering the ecology and distribution of parasites of Arctic ungulates ([@bib29], [@bib31], [@bib34]). Caribou (*Rangifer* spp.), a keystone species in the Canadian Arctic, have recently experienced substantial population declines, which are attributed to cumulative impacts of various environmental and anthropogenic changes, and their indirect consequences on caribou health ([@bib48], [@bib10]). Climate-mediated ecological changes, and the concomitant emergence of novel diseases and parasites in northern caribou and sympatric ungulates, has highlighted the need for increased monitoring and comprehensive disease surveillance to help in efficient and proactive management ([@bib21], [@bib33]). Limiting the efficacy of health monitoring, however, is the lack of robust, pertinent and easily accessible monitoring tools to diagnose and accurately assess the severity of the problems. This is particularly true for some parasitic infections such as helminths, where high morphological and molecular similarity within a group often makes diagnosis challenging ([@bib24], [@bib30], [@bib27]).

Protostrongylids are parasitic nematodes that infect ungulates and lagomorphs globally ([@bib2]). Depending on the species, their predilection sites can be the neuro-muscular or pulmonary system, and infection can result in mild to fatal disease ([@bib11], [@bib35], [@bib32]). All protostrongylids have indirect life cycles involving gastropod intermediate hosts, where the first stage larvae (L1) passed along with the feces develop to infective third stage larvae (L3), which finally infect the definitive host ([@bib2]). The development rate of L1 to L3 depends on the ambient temperature, which makes the transmission of these parasites sensitive to climate warming ([@bib29], [@bib25]). Five species of protostrongylids have been reported from North American caribou: *Parelaphostrongylus andersoni*, *V. eleguneniensis, Parelaphostrongylus odocoilei*, *Parelaphostrongylus tenuis* (aberrantly), and *Elaphostrongylus rangiferi*. Only the first three have been reported in caribou of the Canadian Arctic ([@bib30], [@bib32], [@bib47]). *Parelaphostrongylus andersoni*, a muscle worm, was first reported in white-tailed deer (*Odocoileus virginianus*) but also infects caribou and moose (*Alces alces*), covering an extensive geographical area in northern North America ([@bib36], [@bib46]). *Varestrongylus eleguneniensis*, a recently described lungworm, is found in caribou and muskoxen (*Ovibos moschatus*), and occasionally moose, and has a wide geographic distribution from arctic to boreal regions of North America ([@bib47]). These two species of protostrongylids co-occur in caribou throughout much of this host\'s range ([@bib30], [@bib46]). The third protostrongylid, *P. odocoilei,* is a muscle worm that infects a broad spectrum of hosts, but appears relatively uncommonly in woodland caribou (*Rangifer tarandus caribou*) and has not been confirmed in barrenground caribou to date ([@bib14], [@bib32]). *Parelaphostrongylus tenuis* and *E. rangiferi* are limited to temperate regions of central and eastern Canada, and the island of Newfoundland, respectively, and cause mild to severe neurological disease in caribou ([@bib32]).

Three out of four protostrongylid subfamilies (Muelleriinae, Elaphostrongylinae and Varestrongylinae) produce dorsal spined larvae (DSL) that are morphologically very similar; this has hindered the accurate documentation of protostrongylid diversity. For instance, historically, when only microscopy was available, DSL detected in caribou were generally assumed to be *P. andersoni* ([@bib35]). The introduction of polymerase chain reaction (PCR) and sequencing of Internal Transcribed Spacer-2 (ITS-2) region of the L1 proved to be a valuable tool to better define parasite diversity and demonstrated a novel species of *Varestrongylus, V. eleguneniensis*, in caribou across their range ([@bib24], [@bib30], [@bib46]). However, this method is still limited in its ability to quantify the larval abundance in mixed infections, or identify rare species, because it is based on sequencing of PCR-amplified DNA of individual larvae from a sample ([@bib13], [@bib22], [@bib30]). More recently, a novel high-throughput sequencing method applying deep amplicon sequencing to study the nematode species composition has been developed ([@bib3]). This method can be used to determine and quantify co-infections by two or more species, and although its application in wildlife monitoring is in the initial stages, it has a considerable potential in this field. However, even when it is developed, the need for highly specialized equipment and personnel makes its use in the typical wildlife laboratory unrealistic. Similar DNA based diagnostic assays are limited by their technical complexities, cost, and applications ([@bib49], [@bib38]).

Traditional microscopy-based parasitological diagnosis is still relevant and widely used, as it can be performed with minimal equipment and lab expertise. Recently, [@bib27] demonstrated that DSL produced by the two protostrongylids, *Umingmakstrongylus pallikuukensis* (subfamily: muelleriinae) and *Varestrongylus eleguneniensis* (subfamily: varestrongylinae), can be morphologically differentiated, despite having a high degree of structural similarity. Although morphological features of DSL of some protostrongylids have been described in the past ([@bib41], [@bib7], [@bib36], [@bib19], [@bib30]), there are few studies that characterize the morphological differences as diagnostic features.

The objectives of this study were twofold: i) to develop a morphological identification guide for differential diagnosis of DSL produced by two common species of protostrongylids, *V. eleguneniensis* and *P. andersoni*, infecting caribou, and ii) by using the developed identification guide, determine the diversity, prevalence, and intensity of infection of protostrongylids in caribou of the central and high Canadian Arctic.

2. Materials and methods {#sec2}
========================

This research occurred in two phases. The first was to describe and validate the morphological features to differentiate the DSL of *P. andersoni* and *V. eleguneniensis*. The second phase was to use these validated morphological features to do a broader geographic survey for these parasites in caribou.

2.1. Morphological differentiation of DSL {#sec2.1}
-----------------------------------------

### 2.1.1. Sample acquisition and processing {#sec2.1.1}

Caribou fecal samples, collected during capture and collaring activities in 2015 and 2016 in the vicinity of Bathurst Inlet, Nunavut (67°13′27.0″N, 108°49′05.6″W), were used to identify the morphological features that could differentiate *V. eleguneniensis* from *P. andersoni*. Fecal samples were first processed using the modified Baermann method ([@bib12]), DSL were isolated, and caudal morphology of all DSLs were observed under 400× magnification. *Varestrongylus eleguneniensis* was identified morphologically as per [@bib27]. On careful observation, DSLs with different caudal morphology were also observed in these samples ([Fig. 1](#fig1){ref-type="fig"}). These non-*V. elegueniensis* DSL had consistent morphological features, suggesting a single species. Ten DSLs from three different hosts, representing the DSL with different caudal morphology, were subsequently identified as *P. andersoni* through PCR and sequencing of ITS-2 ([@bib30]). This established that this group of samples could be used for subsequent studies on defining diagnostic features for morphological differentiation.Fig. 1Dorsal spine larva of *Parelaphostrongylus andersoni* at 400× magnification in differential interference contrast, depicting important anatomical features.Fig. 1

### 2.1.2. Identification and familiarization with the diagnostic morphological features {#sec2.1.2}

Fifty DSLs that differed morphologically from *V. eleguneniensis* were isolated from six fecal samples and individually heat fixed in approximately 50 μl water on a glass slide. These were examined under differential interference contrast (DIC) settings at 400× magnification (Olympus, Massachusetts, USA). Three consistent morphological features around the caudal extremity (dorsal spine morphology, caudoventral bulging at the start of tail extension, and tail spike morphology) ([Fig. 2](#fig2){ref-type="fig"}) were identified as features that consistently differentiated them from *V. eleguneniensis* DSL.Fig. 2Identification guide for differential diagnosis of dorsal spine larvae of *Parelaphostrongylus andersoni* and *Varestrongylus eleguneniensis.*Fig. 2

### 2.1.3. Validation of identified morphological keys and morphometric analysis {#sec2.1.3}

Sixty DSLs were randomly isolated from three caribou fecal samples containing both types of larvae, individually heat fixed (as above), and observed under DIC settings (400× magnification) of the microscope. The DSLs were identified as *V. eleguneniensis* or *P. andersoni* based on morphological features described above and those described by [@bib27] for *V. eleguneniensis*. Morphometric measurements were taken for each of the DSL using special software (CellSens; Olympus Soft Imaging Solutions GmbH) ([Table 1](#tbl1){ref-type="table"}). Photomicrographs of the DSLs were taken for future reference with the camera head mounted on the microscope (Olympus BX53 fitted with a digital camera, Olympus DP73, Olympus^®^). Each studied DSL was then recovered individually, and molecular confirmation of species was done by sequencing the ITS-2 of nuclear ribosomal DNA ([@bib30]), in order to confirm the morphological diagnosis.Table 1Morphometric measurements of dorsal spine larvae of *Parelaphostrongylus andersoni* and *Varestrongylus eleguneniensis* from this study and previous studies. All measurements are expressed in micrometers (mean ± SD).Table 1*P. andersoni*[a](#tbl1fna){ref-type="table-fn"}\
*(n* = *30)V. eleguneniensis*[a](#tbl1fna){ref-type="table-fn"}\
*(n* = *20)V. eleguneniensis*[c](#tbl1fnc){ref-type="table-fn"}\
([@bib27])*P. andersoni*[d](#tbl1fnd){ref-type="table-fn"}\
([@bib41])Total length368.26 ± 16.26[b](#tbl1fnb){ref-type="table-fn"}344 ± 9.54[b](#tbl1fnb){ref-type="table-fn"}378 ± 9.84351 (308--382)Width17.35 ± 1.3717.02 ± 0.8817.98 ± 0.8317 (17--18)Excretory Pore90.53 ± 5.4889.62 ± 4.5997.34 ± 3.4894 (66--109)Esophagus168.9 ± 6.62157.01 ± 13.38NA175 (163--183)Genital Primordium240.95 ± 10.80231.03 ± 5.68244.15 ± 5.38234 (216--249)Anus333.29 ± 18.07312.58 ± 7.07341 ± 9.32NATail extension length9.49 ± 4.807.48 ± 1.158.47 ± 0.82NADorsal Spine2.50 ± 0.37[b](#tbl1fnb){ref-type="table-fn"}1.78 ± 0.26[b](#tbl1fnb){ref-type="table-fn"}1.70 ± 0.34NATail34.96 ± 5.8931.95 ± 8.7637.65 ± 4.1932 (27--36)[^3][^4][^5][^6]

2.2. Determining protostrongylid diversity and abundance in caribou {#sec2.2}
-------------------------------------------------------------------

### 2.2.1. Study species and area {#sec2.2.1}

Two subspecies of caribou - *Rangifer tarandus groenlandicus*, or barren-ground (BG) caribou, and *Rangifer tarandus pearyi,* or Peary caribou, inhabit the central Canadian Arctic/high Arctic ([@bib15], [@bib44]). A genetically and behaviorally distinct group of caribou, the Dolphin and Union herd (DU) ([@bib50]), belonging to the subspecies *R. t. groenlandicus,* also occurs in the west-central Canadian Arctic. The BG and DU herds are listed as 'threatened' and 'special concern', respectively, by the Committee on the Status of Wildlife in Canada ([@bib6]). Peary caribou were listed as 'Endangered' under Canada\'s Species at Risk Act (SARA) following drastic population declines in the 1990s ([@bib37]), although COSEWIC recently re-assessed their status as 'threatened' ([@bib6]). The BG caribou do not cross the sea ice, but DU caribou migrate seasonally between the mainland and Victoria Island ([@bib39]). Peary caribou occur on northern Victoria Island and throughout most of the Canadian Arctic Archipelago and migrate among these islands ([@bib23]).

Between 2013 and 2015, 242 caribou fecal samples were collected from the mainland of the central Canadian Arctic (n = 50), Victoria Island (n = 14), King William Island (n = 5), and the High Arctic Islands (n = 173) in Nunavut (NU) ([Fig. 3](#fig3){ref-type="fig"}). Most of the mainland samples were collected around Bathurst Inlet during the capture of caribou for deployment of satellite radio collars, hence, the subsequent movement of these caribou was tracked. The fecal samples collected on the mainland and King William Island were sent to Wildlife Genetics International, Nelson, BC, Canada, for herd identification. The fecal samples obtained from the high arctic islands (Melville, Bathurst, and Byam Martin Islands) were assumed to be from Peary caribou. Six samples collected opportunistically on the mainland near Kugluktuk, NU, where both DU and BG caribou occur, and seven samples whose herd identity could not be confirmed by genetics, were classified as unknown herd.Fig. 3Map showing the location of samples and results from the fecal survey. Each point on the map represents a group of 2--10 samples.Fig. 3

### 2.2.2. Sample processing and diagnosis {#sec2.2.2}

Fecal samples were processed using the modified Baermann technique ([@bib12]). The final concentrate (1.5 ml) obtained after the centrifugation step of the Baermann technique, was heat fixed by passing the test tube through the Bunsen burner ten times. Total counts were determined by quantifying DSL found in three 0.5 ml/aliquots in a six-well plate using an inverted microscope (Olympus CKX53, Massachusetts) at 200 and 400× magnification. Differential diagnosis of DSL was performed using the morphological keys for *P. andersoni* identified in this study and the morphological keys for *V. eleguneniensis* described by [@bib27]). The intensity of infection is reported as larvae per gram of feces (LPG).

Voucher specimens of larval *P. andersoni* and *V. eleguneniensis* were deposited and archived in the Museum of Southwestern Biology (MSB), Division of Parasites, University of New Mexico, Albuquerque, NM, USA. (**MSB:Para:25805** and **MSB:Para:25806** respectively), and DNA sequences were deposited in GenBank under various accession numbers (**MF001306 -- MF001313**) ([Table 2](#tbl2){ref-type="table"}).Table 2Summary of caribou fecal samples analyzed in this study.Table 2Caribou herdSampling datesSampling areanDSL[b](#tbl2fnb){ref-type="table-fn"} Positive (PA/VE)Coinf.Range of LPG[c](#tbl2fnc){ref-type="table-fn"}Accession NumbersPAVEPearyAug 2013North Bathurst Island480Apr 2014Melville Island110May 2015South Bathurst Island70July 2015Airstrip Point-Bathurst Island660July 2015Byam Martin Island410Dolphin and UnionOct 2015Wellington Bay, Victoria Island141(0/1)148.31MF001312Apr 2015, Oct 2016Bathurst Inlet214(3/2)10.2--0.83.75--4.8MF001306, MF001307, MF001311, MF001313Barren GroundApr 2015, Oct 2016Bathurst Inlet105(4/3)20.35--8.60.2--1.4MF001308, MF001309, MF001310Mar 2016King William Island50Unknown[a](#tbl2fna){ref-type="table-fn"}Apr 2015, Oct 2016Bathurst Inlet71(0/1)3.2Apr 2015Kugluktuk60[^7][^8][^9][^10]

### 2.2.3. Statistical analysis {#sec2.2.3}

Morphometric measurements of *P. andersoni* and *V. eleguneniensis* DSLs were compared using permutation tests performed in R software version 3.2.2 ([@bib43]). The statistical significance was assessed at *P* ≤ 0.01.

3. Results {#sec3}
==========

3.1. Morphological differentiation of DSL {#sec3.1}
-----------------------------------------

### 3.1.1. Unique morphological features of *P. andersoni* DSL {#sec3.1.1}

Three characteristic structural features at the caudal extremity of *P. andersoni* DSL that discriminated it from *V. eleguneniensis* DSL were identified ([Fig. 2](#fig2){ref-type="fig"}). The first was the morphology and the presentation of its dorsal spine. The dorsal spine of *P. andersoni* DSL has a characteristic triangular shape with a wider base, compared to the thin and slender dorsal spine of *V. eleguneniensis* DSL. Similarly, the dorsal spine consistently appears parallel to the tail extension in *P. andersoni* DSL, unlike *V. eleguneniensis* where the dorsal spine occurs at a greater angle to the tail extension ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}). The second identifying feature was present in the ventral aspect of the tail, at the region where the tail extension starts. In all *P. andersoni* DSLs examined, a characteristic ventral bulging at the beginning of the tail extension was evident; this was absent from *V. eleguneniensis*. The third feature identified as diagnostically relevant, was the morphology of the tail spike. *Parelaphostrongylus andersoni* DSL did not have the vulturebeak-like structure at the end of the tail, which is observed in the DSL of *V. eleguneniensis,* as described in [@bib27]; rather the tail spike of *P. andersoni* DSL was straight, slender and pointed, somewhat similar to the distantly-related protostrongylid *Umingmakstrongylus pallikuukensis* ([@bib20], [@bib27]). Although the vulture beak appearance of the tail spike was not prominent in a very few confirmed *V. eleguneniensis* DSL (less than 5%), the tail spike morphology (particularly shorter and sharply pointed tail tip, and less distinct segments in the tail extension) was clearly different from that of *P. andersoni*.

Morphometrically, DSL of *P. andersoni* was significantly longer than *V. eleguneniensis* (*P* \< 0.01). However, there was overlap in the total length of a few DSLs of the two species, and hence, total length was not selected as a diagnostic feature. The dorsal spine of *P. andersoni* DSL was significantly longer than that of *V. eleguneniensis* (*P* \< 0.01), but due to practical difficulty in measuring the length of the dorsal spine, it was not retained as a diagnostic feature. The length of the tail extension, which was identified as a major diagnostic feature differentiating *V. elegueneniensis* DSL from *U. pallikuukensis* DSL ([@bib27]), was not considered diagnostically important while discriminating the two species studied here because of their similar length (*P* \> 0.01). Other morphometric features, such as the esophagus length, tail length, tail spike length, and body width, overlapped between the DSL of the two species. Comparisons of the morphometric measurements from this study to earlier studies are presented in [Table 1](#tbl1){ref-type="table"}.

### 3.1.2. Validation and establishment of the identification guide {#sec3.1.2}

Using the morphological diagnostic features described above and in [Fig. 2](#fig2){ref-type="fig"}, the morphological identification of 49 out of 50 DSLs matched the species identities determined through sequencing of the ITS-2. All 36 DSLs diagnosed as *P. andersoni* morphologically were confirmed as such by PCR, and out of 14 DSLs diagnosed morphologically as *V. eleguneniensis*, 13 were confirmed as the same species through PCR. One DSL diagnosed as *V. eleguneniensis* morphologically but *P. andersoni* based on ITS-2 sequence had a distorted tail spike and slightly deformed dorsal spine morphology. No other protostrongylid species were suspected based on DSL morphology, nor were any detected based on sequencing of the ITS-2.

3.2. Protostrongylid diversity and abundance in caribou {#sec3.2}
-------------------------------------------------------

Dorsal spined larvae were isolated from 11 of the total 242 fecal samples tested ([Table 2](#tbl2){ref-type="table"}). The majority of samples were collected from High Arctic (Peary Caribou) during 2013--2015 (n = 172), and they were all DSL negative ([Fig. 3](#fig3){ref-type="fig"}, [Table 2](#tbl2){ref-type="table"}). Ten out of 50 samples, collected on the mainland, were DSL positive, and one sample out of 14, collected near Wellington Bay, Victoria Island, NU was DSL positive. Five out of 35 DU caribou tested were infected by protostrongylids, and *P. andersoni* was reported in three samples, the northernmost and first record of the parasite in DU caribou. Five out of 15 BG caribou tested were DSL positive. The number of samples analyzed, samples positive for DSL and the range of larva per gram of feces for the two protostrongylid species in different herds of caribou at different sampling events are presented in [Table 2](#tbl2){ref-type="table"}.

4. Discussion {#sec4}
=============

We have developed a morphological guide for differential diagnosis of two protostrongylids, *P. andersoni* and *V. eleguneniensis*, and applied this guide to further describe the biodiversity of parasites of caribou in the central Canadian Arctic. Analysis of 242 fecal samples, with species-level identification using the developed guide, revealed a low prevalence and intensity of infection of protostrongylids in caribou. Nevertheless, we demonstrate new host and geographic records for *P. andersoni*.

Dorsal spine larvae of *P. andersoni* and *V. eleguneniensis* were considered to be morphologically and morphometrically indistinguishable prior to this study. [@bib41] in the original description of *P. andersoni* DSL indicated the prominent dorsal spine with a triangular shape and pointed tail spike ([Fig. 4](#fig4){ref-type="fig"}). However, this character was never considered as a diagnostic feature. Similarly, [@bib7] had mentioned that DSL of genus *Parelaphostrongylus* could possibly be differentiated from DSL of other protostrongylids based on their larger and broader dorsal spine morphology. Our observations of the prominent triangular dorsal spine as the most striking feature (feature 1), and the slender and pointed tail spike (feature 3), corroborates these earlier descriptions. The features of *P. andersoni* DSL not pointed out, but visible in the original line drawings, were the presentation of the dorsal spine (parallel to tail extension) and the ventral bulging just proximal to the tail spike ([Fig. 4](#fig4){ref-type="fig"}). For *V. eleguneniensis* DSL morphology, the greater angle of the dorsal spine (feature 1) and the vulture beak like pointing of the tail spike (feature 3) were also reported as diagnostic features differentiating them from the DSL of another co-infecting protostrongylid *U. pallikuukensis,* in muskoxen ([@bib27]). These morphological features were not explicitly discussed in the original description of *V. eleguneniensis* DSL ([@bib47]), but are distinctly visible in the original line drawing ([Fig. 4](#fig4){ref-type="fig"}). The other diagnostic features of *V. eleguneniensis* DSL described in [@bib27], such as - post anal cuticular striations (not distinct) and caudal curvature (assuming spherical shape when heat fixed), did not differ consistently from *P. andersoni* DSL in this study, hence, these features were not included in the identification guide.Fig. 4Line drawings of caudal extremities of *Parelaphostrongylus andersoni* and *Varestrongylus eleguneniensis* dorsal spine larvae from [@bib41]) and [@bib47]. The line drawings clearly show the characteristic morphological features identified in this study.Fig. 4

Despite the statistically significant difference in total DSL length between the two species (*P. andersoni* longer) ([Table 1](#tbl1){ref-type="table"}), this was not included as a diagnostic feature because of overlaps in length. Interestingly, the average length of *V. eleguneniensis* DSL was substantially smaller in this study compared to that measured by [@bib27]. All measurements were performed using the same fixation procedures, observer, and equipment, thus differences may be associated with the different final hosts. The [@bib27] measurements were based on muskox derived DSL. This finding supports Harrison\'s rule, which states that when a parasite genus is present in different but nearly related host species, parasite size tends to correlate with host size ([@bib16], [@bib26]). Muskoxen weigh between 218 and 266 kg on average, whereas caribou are much smaller, around 87--99 kg ([@bib28]). Although they are not closely related species (Bovidae and Cervidae, respectively), they are both artiodactyls, and in this case Harrison\'s rule appears to still be relevant. The length of the dorsal spine, although significantly longer in *P. andersoni*, was not included in the diagnostic manual for the same reasons as the total length. It is true, however, that these morphometric features can be used together with the morphological features to aid larval identification and to recognize other, or novel species. For instance, DSL of the muskox lungworm, *U. pallikuukensis,* can be differentiated from that of *P. andersoni* by combining morphological and morphometric features (e.g., triangular dorsal spine and shorter tail extension length of *P. andersoni* DSL, versus angular/slender dorsal spine and longer tail extension of *U. pallikuukensis* DSL) ([@bib20], [@bib27]).

Among the known caribou protostrongylid fauna, *V. eleguneniensis* and *P. andersoni* appear to be the two most common and widespread species. They are found in three different subspecies of caribou (*R.t. caribou, R. t. granti, R. t. groenlandicus*), with their distribution ranging across the North American mainland from northern Alaska in the west to boreal forests of Quebec in the east, including the provinces of British Columbia, Alberta, Saskatchewan and Ontario ([@bib24], [@bib30], [@bib46]), and, based on this study, also onto Victoria Island, Nunavut. In contrast, protostrongylids appear to be absent from Peary caribou (*R. t. pearyi*). Although mostly opportunistic, we had a robust sample size across different years and seasons (n = 172) for Peary caribou covering different high Arctic islands; the absence of any DSL from these samples provides the first substantial evidence of absence of protostrongylids in this caribou subspecies.

*Parelaphostrongylus odocoilei,* common in Dall\'s (*Ovis dalli*), Stone\'s sheep (*Ovis dalli stonei*) and mule deer (*Odocoileus hemionus*), and confirmed only twice in woodland caribou, is another differential diagnosis to consider for DSL found in caribou ([@bib14], [@bib24], [@bib18]). *Parelaphostrongylus odocoilei* has not been reported north of the Arctic Circle and this restricted northern range, according to [@bib25], is either due to climatic constraints on the parasite or biotic and abiotic barriers to introduction (with respect to its occurrence in Dalls\' sheep). *Parelaphostrongylus odocoilei* is closely related to *P. andersoni* and the DSL of the two species potentially share similar morphological characters ([@bib42], [@bib24]), hence, if present in co-infections with *P. andersoni*, it may be challenging to differentiate. [@bib19] present the detailed description of *P. odocoilei* DSL derived from Dall\'s sheep and its caudal polymorphism resulting in two morphotypes of the same species. The morphological description of one of the morphotypes is somewhat consistent with the morphology of *P. andersoni* DSL described in this study. [@bib19] reported the prominent triangular dorsal spine in both types of larvae, which is similar to the dorsal spine morphology of *P. andersoni* reported here, but the tail extension morphology appears to be different. The tail extension of the first morphotype of *P. odocoilei* DSL appears to be more sinuous, and the three tail folds appear to be more distinctly evident compared to the *P. andersoni* tail extension. The second morphotype\'s tail extension has a characteristic digitate terminal extension at the tail spike, and the tail extension lacks clearly visible tail folds, which is different from *P. andersoni* tail extension. The morphological differences, however, need to be tested in order to establish them as diagnostic features. In our study, we did not detect any DSL morphologically similar to *P. odocoilei,* and despite sequencing 70 DSLs from all the positive animals, we did not detect *P. odocoilei*, which suggests that this parasite is extremely rare or absent in the study area. Nevertheless, we recommend a detailed morphological investigation to characterize the diagnostic features of the DSL of *P. odocoilei,* as well as ongoing surveillance. Morphometric measurement, in particular total DSL length of *P. odocoilei* (334--428 μm) ([@bib41]), overlaps with that of *P. andersoni* ([Table 1](#tbl1){ref-type="table"}), thus cannot be used to differentiate the two species.

Unprecedented warming is greatly impacting Arctic host-parasite systems by altering the geographical ranges of hosts and parasites, driving parasitic invasions to the higher latitudes and leading to host switching ([@bib9], [@bib17], [@bib29], [@bib31], [@bib4], [@bib18]). For instance, Arctic warming has already released the climatic constraints for the muskox lungworm, *U. pallikuukensis,* facilitating its invasion onto the Victoria Island ([@bib31]). A similar mechanism is hypothesized to be responsible for the establishment of *V. eleguneniensis* in muskoxen and caribou on southern Victoria Island (Kafle, unpublished). Our finding of *P. andersoni* in DU caribou demonstrates that this parasite is also transported to Victoria Island, likely regularly and repeatedly with the annual migration of the DU caribou from the mainland. Whether it establishes a transmission cycle on the island, similar to the recently established *U. pallikuukensis* and *V. eleguneniensis* ([@bib31]), will depend on a variety of factors, including temperature constraints on the lifecycle of the parasite and the abundance and behavioral ecology of the definitive hosts.

Under the current regime of rapid Arctic warming, effective parasitic surveillance is important to anticipate shifts in species ecology and distribution. The value of the morphological keys that we provide lies not just in identifying particular parasitic species, but as a tool to increase our vigilance against any cryptic species, which, if suspected, can later be confirmed with more sophisticated molecular tools. Results from this study contribute to our existing knowledge on diagnosis and diversity of protostrongylid fauna in the ungulates at high latitudes and provide tools for ongoing biodiversity assessment. Simple methodologies such as these can be implemented with minimal equipment, training and cost, and can easily be applied for routine monitoring of existing pathogens as well as early recognition of any newly emerging pathogens.
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